We found that CSP␤ and ␥ mRNAs are abundant in A second hypothesis for CSP function is that CSP testis but are not detectable in other adult tissues (Supdirectly regulates exocytosis. Consistent with such a plemental Figure S2 ) or in brain at all developmental role, CSP interacts with syntaxin and synaptotagmin stages tested (P5, P15, and P40; Supplemental Table  in Table  chaperone to renature nerve terminal proteins that mis-S1 at http://www.neuron.org/cgi/content/full/42/2/237/ fold during the continuous operation of the synaptic DC1). In all of the experiments described here, analyses vesicle cycle is also attractive but is not currently supwere carried out with littermates derived from heterozyported by in vivo evidence. gous matings to exclude confounding background efWe have attempted to test these hypotheses about fects. the function of CSP by analyzing knockout (KO) mice
In the first 2 postnatal weeks, the weight and survival lacking CSP. We show that mice contain three CSP of CSP␣ KO mice were not significantly different from genes (CSP␣, ␤, and ␥), but only CSP␣ is expressed in heterozygous and wild-type littermate controls (Figure brain, whereas CSP␤ and CSP␥ are testis specific. We 1C). However, at 2-3 weeks of age, the KO mice began demonstrate that CSP␣ KO mice are relatively normal to suffer from progressive weakness. After P15, the KO at birth but exhibit a progressive lethal phenotype that mice stopped gaining weight ( Figure 1C ). At ‫ف‬P30, CSP␣ manifests as muscle weakness and a sensorimotor dis-KO mice entered into a lethargic state but were able to order at 2-4 weeks of age. Analysis of synaptic transmiseat and move when stimulated. CSP␣ KO mice started sion in CSP␣ KO mice at the Calyx of Held synapse, a to die in the third postnatal week, most KO mice perished preparation that allows electrophysiological measurein the second postnatal month, and none survived bements of unparalleled resolution, documented that yond 3 months ( Figure 1D ). but no other developmental abnormalities (data not ting up after they were placed on their right or left backside, with a severe deterioration in this condition after shown). Heterozygous mutant and wild-type mice exhib-P25 ( Figure 2D ). ited no differences in body weight or mortality, sugThe poor performance of CSP␣ KO mice in locomotor gesting that the decrease in CSP␣ levels in heterozytests suggested that synaptic transmission at the neurogotes is not sufficient to impair survival. muscular junction (NMJ) may have been impaired. To examine this, we studied the electromyographic reImpaired Sensorimotor Performance and sponses in wild-type and CSP␣ KO mice at P15, P23, Neuromuscular Function in CSP␣ KO Mice and P45 ( Figure 2E ). In wild-type mice, the mean ampli-CSP␣ KO and littermate control mice were subjected to tudes of compound muscle action potentials (CMAPs) a standard neurological examination (modified SHIRPA were small at P13-P15 but increased ‫-2ف‬fold at P23 protocol; Rogers et al., 1997) . In the open field test, and P45-P47 (Figure 2F and Supplemental Table S2 at CSP␣ KO mice exhibited a dramatic loss of spontaneous http://www.neuron.org/cgi/content/full/42/2/237/DC1). activity that was already apparent at P15 (Figure 2A) .
In CSP␣ KO mice, the mean CMAP amplitudes were The impairment was also present to a lesser degree in similar to wild-type littermate controls at P13-P15 and heterozygous CSP␣ mutant mice that were normal in all P23 but dropped significantly at P43-P47. This result other parameters examined (Figure 2 ). CSP␣ KO mice indicates an initially robust function at the NMJ which manifested muscle weakness as evident from a tenlater deteriorates. The defects in neuromuscular synapdency to clasp the hindlimbs when suspended by the tic transmission in the CSP␣ KO mice became even tail (data not shown) and a lack of gripping strength on more apparent when we examined responses to short fore-and hindlimbs that was observed as early as P15 stimulus trains ( Figure 2G ). In wild-type mice, repetitive ( Figure 2B ). The KO mice presented a progressively stimulation elicited the same amount of maximal deprespoorer posture, often with the typical leg position of sion at P15, P23, and P45 (to 64%-69% Ϯ 5% of initial "inverted champagne bottles" and a thin pelvis due to amplitude). In contrast, we observed enhanced synaptic decreased girdle muscle mass. No tremor was evident. depression in CSP␣ KO mice already at P15 (52% Ϯ CSP␣ KO mice were unable to stay on a turning rod 30 5%; n ϭ 4) and even more severe depression at P23 cm above the floor ( Figure 2C ) and displayed a poor and P45 (to 35% Ϯ 3%, n ϭ 4, and 39% Ϯ 6%, n ϭ 3, acoustic startle reflex (data not shown). In addition, alrespectively; Figure 2G ). Together, these data suggest that CSP␣ KO mice exhibit a limited functional impairready at P15, the CSP␣ KO mice had difficulties in get- Table 1 
for a quantitation of changes). Arrows in panels (D) and (E) identify Schwann cell intrusions, asterisks in panels (F) and (G) indicate multilamellar bodies, and arrowheads in panel (G) indicate vacuoles. (A)-(F) are from P23 animals; (G) is from a P17 animal (calibration bars: [A], 10 m; [C], [E], and [G], 0.25 m; [B], [D], and [F] are the same magnification as [A], [C], and [E], respectively).
processes extend between the presynaptic membrane To ask whether the defects observed in CSP␣ KO mice were age dependent, we determined the incidence and the synaptic cleft and ensheath the nerve terminal. In the CSP␣ mutants, in contrast, the terminal is indented of abnormalities in the ultrastructure of NMJs at P7, P14, and P35 (Table 1) . Defects were evident at all ages rather than wrapped, and it is the "back side" of the terminal rather than the presynaptic face that is affected. examined but were less striking at P7 than at later stages. For example, the fraction of synapses with invaginated Schwann cell processes in the nerve terminal increased 300% between P7 and P14. In addition, the fraction of nerve terminals in CSP␣ KO mice with multilamellar bodies increased ‫%05ف‬ between P7 and P14, despite the fact that more control terminals bore such bodies (and vacuoles) at P7 than at P14 (Table 1) . Thus, the synaptic defects resulting from lack of CSP␣ are progressive during early postnatal life, suggesting that these defects are responsible, at least in part, for the sensorimotor impairments (Figure 2 ). Figure 4D ). Although the magnitude of the -conotoxin block varied between terminals, we again detected no significant difference between wild-type and CSP␣ KO mice in the average blocking effect (Figure 4E) .
Ca
Finally, we searched for alterations in the peak Ca Figure 7B) MNTB neurons were often surrounded by conspicuous areas in the CSP␣ KO mice ( Figure 8D , arrow and arrowheads). In some cases, electron-lucent areas contained 1-2 m wide electron-lucent areas ( Figure 8A , arrowheads). These areas contained black, electron-dense aggregates of agglutinated presynaptic vesicles (Figures 8C and 8D, asterisks) , suggesting that degenerated particles that were tentatively identified as degenerated mitochondria due to their size, shape, and distribution presynaptic terminals of the Calyx of Held are continuous with the extracellular space. In contrast, in wild- (Figures 8A-8D) . The degenerative changes in CSP␣ KO mice were heterogeneous: higher magnifications type sections, the principal cells are surrounded by presynaptic terminals whose cytoplasm is characterized by showed that the electron-lucent spaces were adjacent to normal-looking presynaptic terminals (Figures 8D and size decreased ‫-2ف‬fold in KO mice and that the release In the present study, we tested these three hypotheses kinetics became highly abnormal. At P20-P23, synaptic using KO mice that lack CSP␣ (the only brain isoform responses exhibited a large degree of heterogeneity of vertebrate CSP; see the Supplemental Data at http:// between cells, ranging from apparently normally rewww.neuron.org/cgi/content/full/42/2/237/DC1). In sponding cells to cells in which synaptic responses had these experiments, we studied two independent synapses (the NMJ and the Calyx of Held) and employed become extremely small. (7) Finally, ultrastructural examination of the Calyx by ultrastructural and electrophysiological analyses in both preparations to determine the role of CSP␣. Our data electron microscopy revealed a severe degeneration of nerve terminals in CSP␣ KO mice at P25 (Figure 8 ). The describe a severe, age-dependent phenotype in CSP␣ KO mice that can be summarized as follows:
percentage of the postsynaptic cell surface covered by nerve terminals decreased by more than 3-fold. Neuro-(1) In the first 2 postnatal weeks, CSP␣ KO mice exhibited no overt impairments. However, after P14, the KO degeneration was heterogeneous in that normal-looking nerve terminals (which might correspond to the almost mice stopped gaining weight, and after P21, they started dying because of a progressive neurological disorder normal synaptic transmission observed in some cells in the electrophysiological measurements in CSP␣ KO (Figures 1 and 2 ). This time course is typical for a degenerative process which becomes apparent after a lag mice at P20-P23) were often adjacent to completely degenerated terminals. period. In contrast, mutations that impair synapse function directly typically cause a burst of mortality around Our data show that deletion of CSP␣ causes a progressive dysfunction of synapses that kills the KO mice. birth (e.g., see SV2 KO mice; Janz et al., 1999).
(2) CSP␣ KO mice exhibited severe age-dependent This dysfunction is not due to a discrete feature of presynaptic neurotransmitter release (e.g., impaired Ca 2ϩ impairments in all neurological parameters examined (Figure 2 ). Some impairments (e.g., in maintaining balchannel function) but appears to be caused by a usedependent loss of nerve terminal integrity. At the NMJ, ance; Figure 2C ) were apparent before P15 when the CSP␣ KO mice stopped gaining weight, whereas other we observed morphological abnormalities immediately after birth, whereas in the Calyx, even sensitive tests defects became progressively more severe after P25 (e.g., the defect in righting; see Figure 2D ). detected no changes in transmitter release until the animals were 3 weeks of age. This suggests that differ-(3) In a direct test of the hypothesis that CSP is required for Ca 2ϩ channel function, we measured presynent types of synapses degenerate at distinct rates, possibly in a use-dependent manner. aptic Ca 2ϩ currents in Calyx terminals from CSP␣ KO mice at P5-P13. We failed to uncover any detectable The phenotype of the CSP␣ KO mice is best explained by a discrete function for CSP␣ in maintaining the integimpairment (Figure 4) or sequesters Hsc70 and SGT away from endogenous An alternative hypothesis to the chaperone function CSP. Another possibility is that the sheer overexpresfor CSP is that CSP does after all control Ca 2ϩ channels sion of a heavily palmitoylated protein is deleterious to or exocytosis but that this function is redundant in young the cells. Independent of whether these two or other mice with another protein which is developmentally explanations are correct, the results illustrate the diffidownregulated, thereby leading to a phenotype in adult culties in overexpression studies to examine the funcmice. According to this hypothesis, the neurodegeneration of a protein. tive changes would be secondary to a specific loss of As a chaperone specialized for presynaptic terminals, function. We believe this hypothesis is highly unlikely interference with CSP␣ function could potentially be a for several reasons. First, no protein closely related to mechanism of causing neurodegenerative diseases. For CSP␣ is expressed in brain at significant levels as anaexample, environmental toxins that inhibit CSP␣ funclyzed by GenBank searches and RNA measurements. tion would probably cause an ascending paralysis. AlAlthough mice contain two additional CSP genes, exthough it is not excluded that such changes contribute to pression of these genes is not detectable in brain and common neurodegenerative diseases, there is currently is not upregulated in the CSP␣ KO (see the Supplemental no direct support for this notion. Amyotrophic lateral Data at http://www.neuron.org/cgi/content/full/42/2/ sclerosis clinically resembles the phenotype of the CSP␣ 237/DC1), ruling out the possibility that redundancy be-KO mice, but the pathology of amyotrophic lateral scletween different CSP isoforms may obscure an otherwise rosis differs from that of the CSP␣ mutants. No evidence more severe phenotype. Second, as assayed in a homofor a dysfunction of CSP␣ in Alzheimer's disease which geneous population of synapses (the calyx terminals in severely affects synaptic function (Selkoe, 2002 ) has the brainstem), the CSP␣ KO phenotype develops in been reported but may have been overlooked because a heterogeneous manner. In the KO mice, apparently it has not been tested. Our results identify CSP␣ as a normal nerve terminals are observed next to terminals potential disease target that as an enzyme might be that are completely degenerated (see Figure 8) . Among particularly sensitive to long-term changes (e.g., effects more than ten synaptic loss-of-function mutants that of a relatively small decrease in activity) and that may have been analyzed (reviewed in Ferná ndez-Chacó n only be affected in the brain area that is the site of the and Sü dhof, 1999; Sü dhof, 2004), none exhibit this kind disease. Future studies will have to explore whether of heterogeneity. Such heterogeneity is typical for a de-CSP␣ is in fact affected in such a situation. generative process but unexpected for a uniform lossof-function event. Third, the physiological loss-of-func- rived in studies on CSP mutants in Drosophila (e.g.,
